The mPer1 gene is assumed to be a key molecule in the regulation and functioning of the mammalian circadian clock, which is based on the oscillation generated by a transcription-(post)translation feedback loop of a set of clock genes [1]. Robust circadian oscillation and acute light-elicited induction of mPer1 mRNA expression have been observed in the suprachiasmatic nucleus (SCN), the mammalian circadian center [2,3]. To investigate the mechanism underlying the complex regulation of mPer1 expression, we isolated and characterized the 5¢ upstream region of the mPer1 gene. Unexpectedly, we identified two promoters, each followed by alternative first exons of mPer1. Consistent with the presence of multiple E-boxes in the promoters, exon-specific in situ hybridization of the SCN established that both promoters function in circadian oscillation and in light-induction of mPer1 expression. Transgenic mice carrying the 5¢ upstream region of the mPer1 gene fused to the luciferase gene demonstrated that a DNA fragment carrying both promoter regions is sufficient to elicit striking circadian oscillation in the SCN and responsiveness to light. Moreover, luminescence in the SCN accurately mirrored the mPer1 transcriptional activity. These transgenic mice will be very useful for monitoring clock-specific mPer1 expression in intact organisms and to follow the circadian clock in real time. 
Results and discussion
To investigate the structural organization of the 5¢ region of the mPer1 gene, we identified the 5¢ extreme sequence of mPer1 mRNA by screening a mouse brain cDNA library ( Figure 1 ). Twelve clones were isolated and these sequences were compared with the mPer1 genomic sequence. Five clones contained a novel extreme 5¢ sequence (exon 1A) that was connected to the exon 2 sequence. The other seven clones possessed the exon 1B Structural organization of the 5¢ region of the mPer1 gene. (a) Exon/intron arrangements of the 5¢ region of the mPer1 gene. Four representative cloned genomic DNAs containing the mPer1 gene (Ph.3, Ph.7, Ph.11 and Ph.12) were aligned according to restriction mapping and sequence determination. The closed and open boxes show protein-coding regions and the 5¢-and 3¢-untranslated regions, respectively. E, E-boxes. (b) Structures of cloned cDNAs containing 5¢-upstream sequences of mPer1. A mouse (C57Bl/6J) brain cDNA plasmid library (SuperScript Mouse Brain cDNA Library, Gibco BRL) was subjected to the following serial PCRs: in the first PCR (30 cycles; 94°C for 1 min, 55°C for 1 min, 72°C for 1 min), the 5¢ primer used was SP6 (5¢-AGCTATTTAGGTGACACTATAG-3¢) which corresponded to the vector sequence flanking the multiple cloning site, whereas the 3¢ primer used was R1 (5¢-GTCCTGCTCTGAGCTCG-CACTCAGG-3¢, complementary to nucleotide residues 576-552 of m-rigui) which represented the exon 3 sequence. Then, a nested PCR (20 cycles; 94°C for 1 min, 55°C for 1 min, 72°C for 1 min) was performed with the use of SP6 nested primer (5¢-TGCAGGTACCGG-TCCGGAATTC-3¢) and R2 (5¢-AGGCTGTAGGCAATGGAGCTGCT-GG-3¢, complementary to nucleotide residues 551-527 of m-rigui) which represented an upstream sequence of exon 3. The locations of exons are indicated by open boxes (the 5¢ untranslated region) and solid box (the protein-coding region). The sequences contained in individual cDNA clones are indicated below the exon structures by thick lines. The names of the cDNA clones are shown on the left. The intron sequences removed by splicing are shown by connective lines. [4] ). Thus, this rescreening of the mouse cDNA library revealed that the 5¢ extreme sequences of the mPer1 mRNA start from two alternative first exons, which are then spliced out to form mature mRNAs containing the common exon 2 sequence. The 5¢ extreme sequence of m-rigui (residues 1-32; GenBank accession number AF022992) was not found in the 12.8 kb upstream region of the mPer1 gene and none of the cloned cDNAs containing the 5¢ upstream sequence of mPer1 possessed this sequence. The 5¢ extreme sequence of m-rigui may be unique to specific mouse strains or an artifact of the cloning procedure. The nucleotide sequence of the 5¢ region of the mPer1 gene also revealed that synaptobrevin 2 gene, encoding a small integral membrane protein specific to the synaptic vesicles in neurons, is located ~2.8 kb upstream from exon 1A of the mPer1 gene ( Figure 1a) . Thus, this result suggested that our isolated genomic clones are sufficient to cover the mPer1 promoter region.
To demonstrate that promoters exist upstream of each of the two exons and to examine the regions that regulate the activity, we analyzed the promoter activity of the mPer1 gene using a transient transfection method. Various lengths of the 5¢ region of the mPer1 gene were subcloned into a promoterless reporter vector (pGL3-Basic) for transcriptional analysis in NIH3T3 cells. Figure 2 shows that the longest genomic DNA fragment (mPer1-7.2 k) that spanned the preceding region of exon 1A to the untranslated region of exon 2 demonstrated the highest transcriptional activity. Deletion of the 5¢ extreme region including exon 1A (mPer1-4.7 k) showed moderately reduced promoter activity (48.8%, p < 0.001). Consistent with the results of the cDNA recloning, the 1.9 kb preceding region of exon 1A (1A-1.9 k) had a relatively high promoter activity ( Figure 2 ). The 1.3 kb upstream region of exon 1B (1B-1.3 k) also had some promoter activity ( Figure 2 ). Thus, we conclude that two functional promoters are located in the 5¢ region of the mPer1 gene. Moreover, a deletion of the 3¢ flanking region of exon 1A (mPer1-3.0 k) or most of the intron between exon 1B and exon 2 (Dintron) led to a reduction in activity (27.3%, p < 0.001 and 50.0%, p < 0.001, respectively; Figure 2 ). These results suggest that mPer1 expression is controlled by several regulatory regions.
To define which first exon is used in circadian oscillation and in light induction in vivo, we performed quantitative in situ hybridization analysis using the probes specific to exon 1A and exon 1B. Both mRNAs, containing either the exon 1A-containing sequence or the exon 1B-containing sequence, were expressed in the SCN at CT4 (CT, circadian time in constant dark condition; CT0 is subjective dawn and CT12 is subjective dusk), whereas little of either mRNA was expressed at CT16 (2.9-fold, p < 0.001 and 3.4-fold, p < 0.001, respectively; Figure 3a-c). Remarkably, a brief light pulse (600 lux, 30 minutes) delivered from CT15 to CT15.5 induced both mRNAs in the SCN (4.5-fold, p < 0.001 and 5.2-fold, p < 0.001, respectively; Figure 3a -c). These results suggest that both first exons are functional and both promoters are important not only in circadian oscillation but also in light induction.
It has been proposed that the cyclic expression of the mPer1 mRNA in the SCN is generated by activation of the Clock-Bmal1 heterodimer through three E-boxes (CACGTG) in the 5¢ flanking region of exon 1B [5] , and by suppression of mPer1, mPer2, mPer3, mTim, Cry1 and Cry2 [6] [7] [8] . However, there are two E-boxes in the flanking region of exon 1A (Figure 1a ), and these are also responsive to the Clock-Bmal1 heterodimer in transcriptional assays in vitro (S. Yamaguchi and H. Okamura, unpublished observations). Thus, not only the three E-boxes preceding exon 1B but also the two E-boxes preceding exon 1A may Deletion analysis of the mPer1 promoter. Luciferase reporter plasmid containing either various lengths of the mPer1 promoter or no promoter (pGL3-Basic) was transfected into NIH3T3 cells and luciferase assay was performed as described [9] . The number of moles of reporter constructs corresponding to 10 ng of the mPer1-7.2k reporter construct were transfected with 0.5 ng of pRL-CMV, a Renilla luciferase internal control plasmid (Promega). The total amount (1 mg) of the transfected DNA was also adjusted by adding pBluescript II plasmid (Stratagene). The sequences contained in individual reporter plasmids are indicated by lines below the exon structures shown as Figure 1a . The nucleotide residues of the 5¢ and 3¢ ends of the mPer1 promoter used are numbered relative to the translation initiation (+1 contribute to the cyclic expression of mPer1 mRNA. Many potential enhancers and regulatory DNA elements other than these E-boxes are also positioned in the flanking regions of exon 1A and 1B (see GenBank accession number AF223952). The sequence of up to 1830 bp determined for the 5¢ flanking region of exon 1A contains three cyclic AMP-responsive elements (CREs), two AP-1 binding motifs, one proline and acidic amino acid-rich (PAR) protein binding motif, and one Egr-1 binding motif. In the sequence between exon 1A and exon 1B, there are one CRE, two AP-1, one AP-3 [13] and one PAR protein binding motif. Some of these motifs may contribute to the circadian oscillation or the light induction of the mPer1 mRNAs.
To investigate whether or not the mPer1 promoter region we identified is functional in vivo, we generated transgenic mice carrying the mPer1 promoter-luciferase reporter gene. Based upon our characterization of the 5¢ region of the mPer1 gene, the 7.2 kb mPer1 promoter-luciferase construct (mPer1-7.2k in Figure 2 ) was chosen as a transgene. Eight independent transgenic lines were obtained. From these lines, three lines were characterized in detail. Lines A3, B4 and D17 possessed 2, 18 and 12 copies, respectively, of the luciferase gene in the genomic DNA (data not shown). The regional distribution of luciferase mRNA in the brain was first examined by in situ hybridization analysis. Although D17 showed the highest expression level, all three lines exhibited a similar spatial expression pattern; expression levels were high in the SCN, and moderate in the cerebral cortex, hippocampus, thalamic nuclei and cerebellar cortex (data not shown). This expression profile resembles the reported distribution of mPer1 mRNA in the brain [2] .
We then examined the circadian expression profile of the luciferase mRNA of the D17 line in the SCN by quantitative in situ hybridization. Under extended constant dark conditions, the expression was very high at CT4, moderate at CT8 and CT12, and very low between CT16 and CT0 ( Figure 4a ). This temporal expression profile is very similar to that of mPer1 mRNA [3] . The A3 and B4 lines also expressed high levels of luciferase mRNA in the SCN during subjective morning and low levels during subjective night (data not shown). Thus, we conclude that the 7.2 kb DNA fragment containing the two promoter regions is sufficient for the robust circadian oscillations in the SCN. We next investigated the response of the luciferase mRNA to light. When D17 transgenic mice were exposed to 30 minutes of light between CT15 and CT 15.5, the luciferase mRNA was significantly induced (4.7-fold, p < 0.001; Figure 4b ). This suggests that the 7.2 kb DNA contains the light-responsive elements. However, the magnitude of the luciferase mRNA induction was lower than that of the native mPer1 mRNA [3] . Therefore, further regulatory regions may function in light induction.
To examine the ability of the mPer1 promoter-luciferase transgenic mice to monitor rhythmic changes in mPer1 transcriptional activity by using bioluminescence, we imaged the bioluminescence from coronal brain slices containing the paired SCN with a two-dimensional photon-counting camera. The brain slices prepared from transgenic mice housed under 12 hour light:12 hour dark (LD) cycles, were placed immediately in phosphate-buffered saline with 1 mM luciferin. The spatial distribution pattern of the luminescence was very similar to that of the luciferase mRNAs (data not shown). The luminescence from the SCN showed a clear day-night variation ( Figure 4c ), although brain regions other than the SCN did not show appreciable differences of light emission by this imaging method. In the SCN, the signal level of luminescence was high between ZT4 and ZT9 but low between ZT18 and ZT0 (ZT, Zeitgeber time in LD condition; ZT0 = light on, ZT12 = light off; Figure 4c ). Slices prepared from mice housed under constant dark conditions also showed a similar result (data not shown). Since the mPer1 mRNA
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Figure 3
Expression of mRNAs containing exons 1A and 1B in mouse SCN. shows a peak at ZT4-8 and a trough at ZT16-20 [3] , the light emission from the SCN accurately mirrored the mPer1 gene transcriptional activity. Therefore, the mPer1 promoter-luciferase transgenic mice are useful to investigate the mPer1 mRNA regulation in real time.
In conclusion, the novel findings of our study are as follows: first, there are two alternative splice forms of mPer1, one containing a previously unknown first exon; second, each of the alternative first exons (1A and 1B) is associated with its own predicted promoter, and the new promoter associated with exon 1A contains copies of the E-box element thought to be involved in regulation of the mPer1 transcription, as was previously shown for the promoter now referred to as that associated with exon 1B; third, both forms of mPer1 message are regulated in the SCN in a circadian manner, and both are induced in the SCN by light during subjective night; fourth, the 7.2 kb fragment including both promoters is sufficient to confer circadian regulation and light-responsiveness on a reporter gene in vivo in transgenic mice; and fifth, since the luminescence from the SCN accurately mirrors the mPer1 gene transcriptional activity, the transgenic mice are instrumental for monitoring the mPer1 mRNA regulation in real-time. These results will pave the way for monitoring the changes of the clock gene expression in living mice in real time. 
